INTRODUCTION
The dynamic response o f l a r g e s t r u c t u r a l systems i s o f t e n analyzed u s i n g component mode s y n t h e s i s (CMS) techniques. coupled system response w i t h increased modeling e f f ic i e n c y and f l e x i b i l i t y over conventional methods.
CMS techniques u t i l i z e a reduced s e t o f component modes t o c h a r a c t e r i z e t h e o v e r a l l system behavior. However, t h e i n a b i l i t y t o adequately model t h e connections between components has l i m i t e d t h e a p p l i c a t i o n o f CMS.
Connections between s t r u c t u r a l components, and between components and ground a r e o f t e n mechanically complex and d i f f i c u l t t o a c c u r a t e l y model a n a l y t i c a l l y . The modeling o f these connections can p r o f o u n d l y i n f l u e n c e p r e
d i c t e d system behavior. T h i s i s because o n l y t h e connections determine t h e boundary c o n d i t i o n s which are imposed upon t h e system components. Thus, improved a n a l y t i c a l models f o r connections a r e needed t o extend t h e a p p l i c a b i l i t y o f CMS and t o improve system dynamic p r e d i c t i o n s .

Parameter i d e n t i f i c a t i o n (PID) techniques can be CMS i s w i d e l y accepted f o r p r e d i c t i n g used t o improve p r e d i c t e d response when experimental d a t a a r e avai 1 able. w i t h P I D by r e d u c i n g discrepancies between t h e measured c h a r a c t e r i s t i c s o f a p h y s i c a l system w i t h those p r e d i c t e d
by an a n a l y t i c a l model o f t h e system. Many techniques a r e a v a i l a b l e t o c a r r y o u t t h i s process o f parameter refinement. Most i n v o l v e t h e determination of a s e t o f s t r u c t u r a l parameters which o p t i m a l l y mini m i z e d i f f e r e n c e s between experiment and a n a l y t i c a l p r e d i c t i o n .
Modeling accuracy i s improved T h i s study explores combining CMS and P I D methods t o improve t h e a n a l y t i c a l modeling o f t h e connections i n a component mode synthesis model. i n v o l v e s modeling components w i t h e i t h e r f i n i t e e l ements o r experimental modal d a t a and t h e n j o i n i n g the components w i t h p h y s i c a l connecting elements a t t h e i r i n t e r f a c e p o i n t s . I n t e r f a c e connections i n both t h e t r a n s l a t i o n a l and r o t a t i o n a l d i r e c t i o n s are addressed. Once t h e system model i s derived, e x p e r i m e n t a l l y measured d a t a i s used w i t h P I D methods t o improve t h e c h a r a c t e r i z a t i o n s o f t h e connections between components. computed i n terms o f p h y s i c a l parameters. approach, t h e p h y s i c a l c h a r a c t e r i s t i c s o f t h e connect i o n s can be b e t t e r understood, i n a d d i t i o n t o providi n g improved i n p u t f o r t h e CMS model. i s s i m p l i f i e d b y r e q u i r i n g i n d i v i d u a l components t o be v e r i f i e d b e f o r e they are i n c o r p o r a t e d i n t o t h e coupled
system model. T h i s requirement w i l l n o r m a l l y n o t pres e n t any d i f f i c u l t i e s , since component t e s t i n g and v e r i f i c a t i o n has become a r e g u l a r p r a c t i c e . With t h i s requirement, t h e components are v e r i f i e d before they a r e used i n t h e coupled system model. Any d i f f e r e n c e s between t h e measured and p r e d i c t e d coupled system
The approach C o r r e c t i o n s i n t h e connection p r o p e r t i e s are W i t h t h i s
The i d e n t i f i c a t i o n of connection c h a r a c t e r i s t i c s response can be s o l e l y a t t r i b u t e d t o i n a c c u r a c i e s o f t h e estimated p r o p e r t i e s o f t h e connections. Also, t h e q u a n t i t y o f t e s t d a t a t h a t must be obtained f r o m t h e coupled system i s g r e a t l y reduced. T h i s i s part i c u l a r l y u s e f u l when i t i s i m p r a c t i c a l t o o b t a i n a complete s e t o f v i b r a t i o n t e s t d a t a f o r a coupled s t r u c t u r e . Examples, i n c l u d e l a r g e space s t r u c t u r e s , s p a c e c r a f t systems, and turbomachinery.
Component Coupling Procedure r e n t l y a v a i l a b l e f o r t h e dynamic a n a l y s i s o f coupled s t r u c t u r a l systems (1 t o 2).
approach, a l l o f t h e system components a r e characteri z e d i n t h e modal domain using t h e i r r e s p e c t i v e modal parameters (frequencies and mode shapes). between components a l s o i s performed i n t h e modal domain through use o f modal c o n s t r a i n t s . These cons t r a i n t s are d e r i v e d from displacement c o m p a t i b i l i t y c o n d i t i o n s e x i s t i n g a t t h e component i n t e r f a c e locat i o n s . With t h e c l a s s i c a l CMS approach, any components o r connectjons t h a t have been modeled i n terms o f p h y s i c a l coordinates (e.g., f i n i t e elements) must be transformed i n t o t h e modal domain b e f o r e t h e y can be i n c l u d e d i n t h e coupled system equations o f motion. The system equations, i n terms o f modal coordinates, are used t o compute t h e system n a t u r a l frequencies. The system mode shapes are computed by t r a n s f o r m i n g t h e mode shapes obtained from t h e system equations back t o p h y s i c a l coordinates.
Recent a p p l i c a t i o n s o f t h e CMS method have s h i f t e d f r o m t h e c l a s s i c a l approach o f u t i l i z i n g o n l y modal coordinates.
Instead, techniques t h a t use a m i x t u r e o f b o t h modal and p h y s i c a l c o o r d i n a t e systems have been implemented (2) . There a r e several reasons f o r t h e s h i f t t o a "mixed" c o o r d i n a t e s e t . One reason i s t h a t a combination o f component t y p e s can be i n c o rp o r a t e d i n t o t h e coupled system equations w i t h o u t r e q u i r i n g a l l o f t h e components t o be i n i d e n t i c a l c o o r d i n a t e systems. T h i s i s p a r t i c u l a r l y u s e f u l when some o f t h e components have been modeled u s i n g F.E. methods and o t h e r component models have been d e r i v e d from modal t e s t data. I n most o f t h e c u r r e n t l y used CMS methods boundary degrees o f freedom o f a l l o f t h e components a r e expressed i n terms o f p h y s i c a l c o o r d inates, and t h e i n t e r n a l degrees o f freedom a r e expressed i n e i t h e r modal o r p h y s i c a l coordinates. i n h e r e n t e f f i c i e n c y o f t h e component r e p r e s e n t a t i o n i s r e t a i n e d . With p h y s i c a l boundary coordinates, components can be coupled u t i l i z i n g c l a s s i c a l d i r e c t s t i f fness assembly techniques as i n conventional F.E. computer codes. Furthermore, n o n l i n e a r connecting elements can be used when boundary degrees o f freedom are i n p h y s i c a l coordinates. I n t h e c l a s s i c a l CMS approach, where modal coordinates a r e used, i t i s v e r y d i f f i c u l t t o i n c o r p o r a t e n o n l i n e a r i t i e s i n t o t h e coup l e d system model because o f t h e d i f f i c u l t i e s associated w i t h d e f i n i n g modal parameters f o r n o n l i n e a r elements. 
o r CMS. The procedure i s d e f i n e d t o be compatible w i t h P I D procedures which w i l l be used subsequently f o r i d e n t i f y i n g t h e component i n t e r f a c e c h a r a c t e r i s t i c s . The modal components a r e f i r s t converted t o "pseudo" f i n i t e elements t o connect modal components t o p h y s i c a l f i n i t e element components. t h e same manner as conventional f i n i t e elements, i.e., system p r o p e r t y m a t r i c e s are assembled through d i r e c t s t i f f n e s s techniques. i s comprised o f two components which a r e coupled b y a p h y s i c a l connecting component. The undamped, f r e e v i b r a t i o n equation o f motion f o r t h e uncoupled system i s w r i t t e n i n terms o f physical coordinates as:
The pseudo elements are t h e n t r e a t e d i n Consider t h e system shown i n F i g . 1. T h i s system where [ M I and [K] a r e t h e component system mass and s t i f f n e s s matrices, and { : I
and {u) are t h e v e c t o r s of component nodal accelerations and displacements ( t h e s u p e r s c r i p t s r e f e r t o t h e component i d e n t i f i c a t i o n ) . Equation (1) can f u r t h e r be p a r t i t i o n e d by separating displacements i n t e r n a l t o the components from those t h a t are a t t h e i n t e r f a c e s between components. When t h i s i s done Eq. (1) i s w r i t t e n as:
The coupled system equation i s obtained by a p p l y i n g t h e d isplacement compat i b i 1 i t y c o n d i t i o n s a t t h e i n t e r f a c e between t h e components and the connections. placements o f t h e component and t h e connection must be equal a t t h e i n t e r f a c e therefore: 
S u b s t i t u t i n g t h e p r o p e r t y m a t r i c e s from Eq. ( 2 ) i n t o Eq. (5) t h e coupled equation o f motion i s :
The procedure o u t l i n e d above can be used t o couple any number of p h y s i c a l components i n t o t h e system equations. As mentioned p r e v i o u s l y , when modal components a r e t o be coupled i n t o t h e system model t h e y a r e conv e r t e
d t o pseudo p h y s i c a l components and t h e n are t r e a t e d i n t h e same manner as conventional p h y s i c a l components. The pseudo p h y s i c a l p r o p e r t y m a t r i c e s a r e obtained f r o m o r t h o g o n a l i t y r e l a t i o n s h i p s between t h e p r o p e r t y m a t r i c e s and t h e modal parameters. When t h e component mode shapes a r e normalized so t h a t t h e modal mass m a t r i x equals t h e i d e n t i t y m a t r i x , t h e modal and p h y s i c a l p r o p e r t y m a t r i c e s a r e r e l a t e d by:
and
where [ M I and [K] a r e t h e component p h y s i c a l mass and s t i f f n e s s matrices, [\w? .] a r e t h e component f r e quencies, and [@] i s t h e m a t r i x o f component mode shapes.
2
When experimental modal data is used to characterize the component, the matrix [$I, containing the component mode shapes may be rectangular. shapes are measured, and the value of the mode shapes are recorded at "n" different physical locations on the component, then the mode shape matrix will be of order n x m. Normally, there will be more measurement locations available than there will be modes that can be measured. To obtain a square modal matrix from experimental mode shape data, data at some measurement points can be neglected so that the number of points is equal to the number of modes. ment points is discarded no information is lost as far . as the overall system response is concerned, so long as measurements at the component's interface points are retained. available, the pseudo physical property matrices are related to the modal data by: pseudo matrices because their physicai interpretation is unlike that of conventional mass and stiffness matrices. Because it is impractical to measure all o f the component modes, the modal data will be incomplete (see (2) ) and will not contain all the information required to produce the actual component mass and stiffness matrices. Therefore, although the mass and stiffness matrices computed in Eq. (8) are in terms o f physical rather than modal coordinates, the matrices will not necessarily represent the actual physical mass and stiffness characteristics of the component. The mass and stiffness matrices from Eq. (8) will reproduce the measured frequencies and mode shapes, and will be suitable for representing the component in the coupled system model. nent modes can be used for the component characterization. correspond to the component when it is in the unconstrained or free boundary condition. In many situations these modes are more conveniently obtained than the fixed boundary modes. This is particularly true when the modes are measured experimentally, because the component itself does not have to be physically constrained during the experimental testing. In practice, the free boundary condition often is approximated by suspending the component from flexible cords or by supporting it on soft springs. constraining all of the component's boundary degrees o f freedom while performing the modal testing. Analytically, the fixed modes are computed as easily (The coefficients of the mass and
The matrices computed in Eq. (8) are designated as Either the "free" or the "fixed" boundary compo-
The "free" mode shapes are those modes that
The fixed modes are obtained by simultaneously as the free modes. Experimentally, they are more difficult to obtain, because all of the component's boundary degrees of freedom must be fully constrained during the experiment. To attain this condition requires that elaborate fixtures be attached at the components boundary locations, and in practice, full constraint is never completely achieved. Another difficulty of using fixed boundxy mode shapes is that an additional set of "static" deflection or constraint modes must be added to the set of fixed boundary modes. These modes are required so that the component will have flexibility at its boundary locations where it is connected to adjacent components.
shapes are measured in the translational directions. It is not generally practical to measure the values of the mode shapes in the rotational directions because of limitations in available instrumentation. However, it is sometimes desirable to couple rotational degrees o f freedom between components. mode shapes are not measured in the rotational directions, the pseudo matrices will only have translational degrees of freedom and there will not be means of coupling the rotational connecting stiffnesses. circumvent this difficulty, the rotational values of the mode shapes can be extrapolated from the translational values, either by curve fitting through the translational degrees of freedom and then computing the slope of the curve at the connection location, or by usin an approximate F.E. model of the component
Normally, the values of the experimental mode
If the values of the To When the rotational values are extrapolated from a curve fit any existing rotttional inertia effects will not be reflected in the values of the rotations. Neglecting the actual independent motion o f the rotation implies that there is no rotational inertia and that the rotations are dependent on the translations. Because of this dependence, the combined translational/ rotational mode shapes can not be used directly to compute the pseudo matrices without encountering numerical problems during the matrix inversions in Eq. (8). A solution to this difficulty is to initially use only the translational mode shapes to compute the pseudo matrices. Then, a transformation which is based on the dependence between the rotations and translations is used to transform the pseudo matrices from the translational coordinate system to a combined translational/rotational system. shapes can be related to the independent translations by :
The dependent rotational values of the mode
Where U, is the dependent rotation at j , Ubi are the translations at the independent measurement points, ai translations to the dependent rotations (determined from curve fit, etc.), and n is the number of independent measurement points.
The transformation from the mixed coordinate matrices to the entirely translational pseudo property matrices is: 
Once the component pseudo matrices in Eq. (11) are computed, they can be inserted into t h e system equat i o n s of motion and coupled t o adjacent components using the previously discussed procedures.
t o predict t h e overall system dynamic characteristics.
The frequencies t h a t are computed from t h i s equation will correspond t o the overall system resonances. The accuracy of the predicted frequencies will be depende n t on t h e precision with which the connections between components have been modeled. I t has been assumed t h a t t h e component modal models have been verified and are accurate, and also, that the proper component modes have been included in the model t o adequately predict system response (see sample problem one).
will correspond t o the physical degrees of freedom included in the system model. translational/rotational model i s used some of the mode shape values will correspond t o translational degrees of freedom and some t o rotations. racy of the mode shapes, like the frequencies, will be dependent on the adequacy of the component modal representations and the modeling of the connections.
-Parameter Identification Procedure
Once the system equations of motion and t h e i r corresponding frequencies and mode shapes are computed, and the experimental system modes have been measured, PI0 can be used t o find an improved s e t of connection parameters t h a t better predict the measured experiment a l system data. For t h i s study the Weighted Least Squares method f o r parameter estimation i s used ( 6 ) .
I f { E l and { c ) are vectors containing the measured and computed system frequencies and mode shapes respect i v e l y , then the weighted squared difference between t h e predicted and measured characteristics i s :
The f i n a l coupled system equations can be used
The mode shapes derived from the system equations When the combined
The accuwhere [W] i s the weighting matrix and { F > i s a vector of weighted squared differenczs. connection parameters t h a t minimizes the weighted squared differences, the derivative o f I F ) with respect t o the connection parameters i s s e t t o zero. t h a t the predicted characteristics { c l , are a f U n Ction of t h e connection parameters I r l , t h e derivat i v e of { F I i s written as: 
r l E S T + ([SI~[WICSI)-'[SI~[WI(~~~ -ICIEST) (18)
Since { c ) i s approximated by a truncated s e r i e s , the improved connection parameters will be only an approximation t o the f i n a l parameters. f i n a l parameters can be obtained by i t e r a t i n g on Eq. (18).
A d i r e c t approach f o r computing the elements of the s e n s i t i v i t y matrix [SI i s t o perturb the analyti-
cal model with changes in the connection parameters, and then compute t h e resulting changes in the system characteristics. The elements are then computed by setting T i j equal t o the change i n the c i charact e r i s t i c divided by the change in the r j connection parameter. Alternative methods f o r computing these derivatives have been presented (see (7) ) b u t f o r problems such as the example, with only a small number of connection parameters, the above method i s adequate.
However, the
The selection of the system characteristics t h a t a r e used in the estimation procedure i s determined by data acquistion capability. generally easier t o measure frequencies than mode shapes, so in many cases i t may be practical t o include more frequencies t h a n modes shapes.
Experimentally, i t i s Characteristics
cies from the F.E. model (Table 11) 
were used in t h e may be a usefuT c h a r a c t e r i s t i c . Once t h e c h a r a c t e r i sparameter identification routines. It i s preferable t h a t t h e connection p r o p e r t i e s be i d e n t i f i e d w i t h o u t t i c s a r e chosen, t h e weight t h a t i s placed on each c h a r a c t e r i s t i c must be determined.
If one characterhaving to use system mode shapes because the mode i s t i c i s measured more a c c u r a t e l y t h a n another, then shapes a r e c o n s i d e r a b l y more d i f f i c u l t t o experimeni t can be weighted more h e a v i l y . t a l l y measure t h a n t h e frequencies. When e i t h e r s i x When t h e number o f system c h a r a c t e r i s t i c s i s large, t h e s i z e o f t h e w e i g h t i n g and s e n s i t i v i t y matr i c e s increases, and t h e m a t r i x i n Eq. (18) (2) ).
procedure o n l y r e q u i r e s a minimum number o f system c h a r a c t e r i s t i c s t o adequately i d e n t i f y t h e connection parameters s i n c e each component has already been v e r if i e d . Therefore, t h e s i z e o f t h e m a t r i c e s i n Eq. (18) w i l l be k e p t small and i n v e r s i o n problems w i l l be minimized. Another problem may a r i s e when t h e a n a l y t i c a l model cannot be e x a c t l y made t o f i t t h e experimental data. When t h i s i s t h e s i t u a t i o n t h e s e t o f connect i o n p y a m e t e r s t h a t minimizes t h e d i f f e r e n c e s , r a t h e r t h a n e l i m i n a t e s them, must be used. The model may not be a b l e t o produce t h e d e s i r e d measured system charact e r i s t i c s because o f l i m i t a t i o n s i n t h e component modal r e p r e s e n t a t i o n . Also, i f t h e e x p e r i m e n t a l l y measured modes a r e n o t orthocjanal, p e r f e c t agreement can never be achieved because t h e a n a l y t i c a l model can o n l y produce orthogonal mode shapes.
The P I D Sample Problem One: Coupled Beams The f o l l o w i n q sample problem i s o f f e r r e d t o demo n s t r a t e t h e component'coupling and parameter i d e n t if i c a t i o n procedures. To v e r i f y these procedures simulated experimental d a t a generated from a F.E. model was used. The sample problem ( F i g . 2) i s comp r i s e d o f two simply supported beams connected a t t h e i r ends. F o r s i m p l i c i t y , b o t h beam components
were made i d e n t i c a l . I n a c t u a l a p p l i c a t i o n s t h e system can be p a r t i t i o n e d i n t o any s e t o f components t h a t i s desired. problem a r e d i s c r e t i z e d i n t o seven massless, p l a n a r beam elements. Concentrated t r a n s l a t i o n a l masses are added between t h e elements a t nodes 2 through 7 and 10 through 15. r o t a t i o n a l s p r i n g (K = 10.E5) a t nodes e i g h t and nine.
A connection a l s o i s made t o ground by a r o t a t i o n a l s p r i n g (K = 10.E5) added t o t h e second component a t node 16.
Each o f t h e components i n t h i s
The components a r e connected by a
The accuracy o f t h e computed system frequencies as a f u n c t i o n o f t h e number o f modes used f o r t h e component r e p r e s e n t a t i o n s was evaluated w i t h s i x , f o u r , and two component modes (see Table I ) . Both t h e s i x and f o u r component mode r e p r e s e n t a t i o n s produced system f r e q u e n c i e s t h a t are i n good agreement w i t h t h e b a s e l i n e F.E. s o l u t i o n . Although t h e r e are o n l y s i x component modes i n t h e F.E. s o l u t i o n , t h e s i x mode r e p r e s e n t a t i o n does n o t produce exact frequencies because t h e F.E. model has more than 6 degrees of freedom. f i r s t and t h i r d modal frequencies t o be p r e d i c t e d sati s f a c t o r i l y b u t does n o t p r o v i d e enough i n f o r m a t i o n f o r an accurate p r e d i c t i o n o f t h e second and f o u r t h frequencies. so t h a t t h e r e w i l l be a r o t a t i o n a l deqree o f freedom
The two mode r e p r e s e n t a t i o n allows f o r the A t l e a s t two component modes are r e q u i r e d o r f b u r component mode r e p r e s e n t a t i o n s were used two p o s s i b l e s o l u t i o n s were found f o r t h e K 1 and K2 conn e c t i n g s t i f f n e s s e s which s a t i s f i e d t h e system f r equency c o n s t r a i n t s (see Table 11 ).
was dependent on t h e i n i t i a l s t a r t i n g estimates f o r K1
o r e t h e f i v e system frequency case cannot be analyzed. F o r t h e two component modes and two system frequency case, t h e s o l u t i o n f a i l e d t o converge.
A subsequent attempt, u s i n g a combination of b o t h system frequencies and made shapes was made w i t h t h e e x p e c t a t i o n t h a t t h e i d e n t i f i c a t i o n o f t h e connect i o n p r o p e r t i e s would be improved.
By adding t h e f i r s t mode shape as a c o n s t r a i n t , along w i t h t h e f i r s t f i v e system frequencies, t h e second m u l t i p l e s o l u t i o n was e l i m i n a t e d . one mode shape was used, t h e problem s t i l l converged t o t h e f i r s t s o l u t i o n r e g a r d l e s s o f t h e i n i t i a l e s t imates f o r t h e connecting s t i f f n e s s e s . o f system d a t a i s i d e a l because, w h i l e i t e l i m i n a t e s t h e m u l t i p l e s o l u t i o n , i t o n l y r e q u i r e s a minimal amount o f experimental data. S i m i l a r r e s u l t s were produced f o r b o t h t h e s i x and f o u r component mode representations, w h i l e t h e two mode r e p r e s e n t a t i o n continued t o present d i f f i c u l t i e s .
Sample Problem Two:
Once t h e component c o u p l i n g and parameter i d e n t if i c a t i o n a l g o r i t h m s were evaluated w i t h simulated d a t a (Sample Problem One), i t was decided t o assess t h e procedures u s i n g a c t u a l experimental data. To accomp l i s h t h i s , t h e RSD ( R o t a t i n g S t r u c t u r a l Dynamics R i g ) a t NASA Lewis Research Center was selected. The RSD r i g ( F i g . 3) i s designed t o s i m u l a t e engine s t r u c t u r e s t o study a c t i v e r o t o r c o n t r o l and system dynamics (component i n t e r a c t i o n ) problems. The r i g components, although considerably s i m p l e r t h a n a r e a l t u r b i n e engine's, were scaled such t h a t t h e y would s i m u l a t e an a c t u a l engine's s t r u c t u r a l dynamics response c h a r a c t e r i s t i c s .
The chosen s o l u t i o n When e i t h e r o f t h e s o l u t i o n s are
When o n l y one system frequency and T h i s combination
RSD R i g V e r i f i c a t i o n
The o b j e c t i v e o f t h e parameter i d e n t i f i c a t i o n was t o determine t h e s t i f f n e s s e s o f t h e s q u i r r e l cage beari n g support t h a t connects each end o f t h e r o t o r t o t h e support frame. To accomplish t h i s , t h e RSD r i g was d i v i d e d i n two components; t h e r o t o r support frame, and t h e r o t o r . Each o f these components was charact e r i z e d v e r i f i e d experimentally, so t h a t accurate component r e p r e s e n t a t i o n s would be a v a i l a b l e f o r t h e a t each end o f t h e component t h a t i s connected t o ground ( o n l y one mode i s needed f o r t h e o t h e r compon e n t ) . I n e v e r y case t h e component mode s o l u t i o n produced f r e q u e n c i e s t h a t are h i g h e r t h a n t h e baseline frequencies. T h i s i s understandable s i n c e t h e component mode s o l u t i o n uses a t r u n c a t e d s e t o f modes and t h e r e f o r e does n o t i n c l u d e a l l of t h e component's f l e x i b i l i t y . coupled system model. I n the system model t h e support frame was represented by an experimentally v e r i f i e d F.E. model w h i l e t h e r o t o r component was represented by experimental modal data. Since b o t h components were e x p e r i m e n t a l l y v e r i f i e d , any d i f f e r e n c e s t h a t appeared between t h e p r e d i c t e d and measured system c h a r a c t e r i st i c s c o u l d be a t t r i b u t e d t o the u n c e r t a i n t i e s i n t h e s q u i r r e l cage connections between components. T h i s approach c o n s i d e r a b l y s i m p l i f i e d t h e v e r i f i c a t i o n t a s k by reducing t h e q u a n t i t y of modal d a t a r e q u i r e d f r o m t h e coupled system. Fig. 4 . p l a t e so g r i d p o i n t s 35 through 39 are f u l l y constrained. G r i d p o i n t s 19 and 20, where t h e r o t o r i s attached, were allowed t o f r e e l y displace. i s r e p r e s e n t a t i v e o f t h e c o n d i t i o n s used d u r i n g t h e modal t e s t s and i s a l s o compatibie w i t h t n e r e q u i r ements f o r t h e component coupling procedure. The g r i d p o i n t s a r e connected with beam (bending and a x i a l deformations) elements except f o r t h e diagonal elements a t g r i d 35 which are modeled w i t h r o d ( a x i a l deformat i o n o n l y ) elements. A l l o f t h e elements a r e modeled w i t h A36 s t e e l p r o p e r t i e s . The frame F.E. model was analyzed w i t h NASTRAN, t o compute t h e component f r equencies and mode shapes ( F i g . 5 ) . were e x p e r i m e n t a l l y v e r i f i e d by using v i b r a t i o n d a t a obtained f r o m an HP 5423 Dynamic Analyzer. modal r e p r e s e n t a t i o n was obtained by measuring t h e r o t o r mode shapes i n t h e f r e e boundary c o n d i t i o n . c o n d i t i o n was approximated by hanging t h e r o t o r from bungy cords. The component modal c h a r a c t e r i s t i c s were generated f r o m t r a n s f e r f u n c t i o n d a t a obtained from t h e dynamic analyzer and impact t e s t i n g . A t o t a l o f s i x r o t o r modes were measured (see Fig. 6 ) i n c l u d i n g two r i g i d body and f o u r e l a s t i c modes. b i n i n g t h e p h y s i c a l F.E. model o f t h e frame w i t h t h e modal r e p r e s e n t a t i o n o f t h e r o t o r . For s i m p l i c i t y t h e coupled system model was constrained t o motion o n l y i n t h e v e r t i c a l plane. T h i s r e s t r i c t i o n allowed f o r a r e d u c t i o n i n t h e r e q u i r e d number o f degrees o f freedom i n t h e system model and allowed f o r a l l o f t h e system t e s t i n g t o be performed i n one plane. The coupled system frequencies f o r t h e s i x mode r o t o r r e p r e s e n t a t i o n a r e p l o t t e d along w i t h t h e measured frequencies i n F i g . 7. The p r e d i c t e d frequencies were computed f o r d i f f e r e n t values o f s q u i r r e l cage s t i f f n e s s t o determine t h e e f f e c t t h a t t h e cages have on t h e system f r equencies. To generate these r e s u l t s i t was assumed t h a t b o t h s q u i r r e l cages had i d e n t i c a l s t i f f n e s s e s . T h i s was a r a t i o n a l assumption, since b o t h cages a r e b u i l t t o t h e same s p e c i f i c a t i o n s . cage s t i f f n e s s was measured as 5050 l b / i n . u s i n g a s t a t i c l o a d i n g t e s t . )
The support frame f i n i t e element mesh i s shown i n The frame i s mounted on a r e l a t i v e l y s t i f f base T h i s f r e e c o n d i t i o n Connections between s t r u c t u r a l components a r e o f t e n mechanically complex and d i f f i c u l t t o a c c u r a t e l y model a n a l y t i c a l l y . Improved a n a l y t i c a l models f o r connections a r e needed t o improve system dynamic p r e d i c t i o n s . c o u p l i n g s t r u c t u r a l components w i t h Parameter I d e n t i f i c a t i o n procedures f o r improving t h e a n a l y t i c a l modeling o f t h e connections. Improvements i n t h e conn e c t i o n p r o p e r t i e s a r e computed i n terms o f p h y s i c a l parameters so t h e p h y s i c a l c h a r a c t e r i s t i c s o f t h e connections can be b e t t e r understood, i n a d d i t i o n t o prov i d i n g improved i n p u t f o r t h e system model. Two sample problems, one u t i l i z i n g simulated data, the o t h e r u s i n g experimental data from a r o t o r dynamic t e s t r i g a r e presented. 
